Cryptococcus (Filobasidiella) neoformans is an encapsulated basidiomycete causing severe disease, mostly meningoencephalitis, in immunocompromised hosts, especially in AIDS patients and those subjected to immunosuppressive therapies (20, 27) . Though rare, the fungus can also produce disease in individuals with intact immunity (20) . Because of the limitations of currently available antifungal therapies, including their toxicity (29) , much interest has focused on alternative immunity-based strategies. Both cell-and antibody-mediated mechanisms could be exploited to control cryptococcal infection (20, 23) . Many studies have focused on antibody responses to glucuronoxylomannan (GXM), the main constituent of the cryptococcal capsule. GXM is essential for virulence, and some monoclonal antibodies to it have been shown to provide passive protection (9, 21) .
The importance of cell-mediated responses is underscored by the frequent occurrence of cryptococcosis in patients with T-cell defects. Accordingly, much attention has been devoted to the identification of antigens that stimulate a protective cell-mediated response (17, 22, 23) . Cryptococcal culture supernatants, designated CneF, have been shown to contain immunoprotective antigens (1, 17, 22, 23) . A major portion of CneF proteins is represented by mannoproteins (MPs), a heterogeneous class of antigens sharing the ability to bind to concanavalin A (ConA) columns. MPs, but not other CneF components, elicited delayed-type hypersensitivity reactions in mice (24) . Moreover, peripheral blood lymphocytes of patients who have recovered from cryptococcosis proliferate in response to stimulation with MPs (14) .
The mechanism underlying the immunodominance of MPs likely resides in their ability to target mannose receptors on antigen-presenting cells (18, 19) . We hypothesized that such a mechanism could lead to immunodominance not only in cellmediated responses but also in humoral responses. This feature could be exploited to better characterize MPs, since historically, serologic investigations have been crucial in the identification of virulence factors and diagnostic markers. Little information is available on the molecular features of individual MPs (18, 19, 25, 28) . The only MP-encoding genes that have been cloned thus far are MP98 and MP88 (12, 15) , which were identified on the basis of the ability of their products to stimulate T-cell hybridomas.
In the present study, we examined various fractions obtained from MPs for their ability to react with sera from patients and experimental animals affected by cryptococcosis. A major portion of such reactivity was accounted for by a fraction containing two MPs that were cloned and expressed recombinantly. These novel antigens display features that may help gain further insights into the molecular structure of this important class of glycoproteins.
Da-exclusion-limit filter. The ConA-binding fraction was further resolved by anion-exchange chromatography as described previously (1) . Briefly, the ConAreactive fraction dialyzed in binding buffer (0.01 M Tris-HCl buffer, pH 8.0) was applied on a 50-ml DEAE column (Macro-prep DEAE-Support; Bio-Rad). The column was washed until the effluent was negative for proteins and carbohydrates. Elution was performed by applying a linear gradient of NaCl (0 to 0.5 M) in 0.01 M Tris-HCl, pH 8.0, at a flow rate of 1.5 ml/min. Pooled fractions, collected according to the absorbance peaks, were dialyzed against PBS and stored at Ϫ80°C until assayed.
SDS-PAGE and Western blotting. Analytical sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed by the method of Laemmli (13) on 12% polyacrylamide gels using a Mini-Protean II cell (Bio-Rad) according to the manufacturer's instructions. Protein bands were visualized with Coomassie brilliant blue R-250 (Amersham Biosciences). To perform Western blot analyses, proteins resolved by electrophoresis were transferred electrophoretically to nitrocellulose membranes (0.2-m pore size; Amersham Biosciences) using a Minigel system (Bio-Rad) according to the manufacturer's instructions. Nitrocellulose sheets were then blocked with 2% BSA in 0.01 M Tris (pH 7.9) containing 150 mM NaCl (Tris-buffered saline) for 1 h at room temperature. After three washes with Tris-buffered saline supplemented with 0.05% Tween 20 (TTBS), membranes were incubated with ConA or sera. For ConA blots, membranes were incubated for 1 h with biotin-conjugated ConA (Sigma) diluted 1:15,000 in TTBS. For immunoblots, membranes were incubated for 1 h with 1:100 dilutions of human/murine sera. Antibody binding was detected by the addition of monoclonal anti-human IgG alkaline phosphatase conjugate or polyclonal anti-mouse IgG (␥-chain-specific) biotin conjugate (Sigma), both diluted 1:7,500 in PBS. After three washes with TTBS, streptavidin-alkaline phosphatase conjugate (Boehringer GmbH, Mannheim, Germany) was used to detect biotinylated anti-mouse IgG or ConA. Reactive bands were developed with nitroblue tetrazolium chloride-5-bromo-4-chloro-3-indolyl phosphate (Sigma). Precision prestained standards (Bio-Rad) were used to estimate the molecular sizes of the protein bands.
Enzymatic deglycosylation. Asparagine-linked glycans were removed from ConA-binding proteins using peptide-N-glycosidase F (PNGase F) according to the protocols of the manufacturer (Sigma). Briefly, 12 l (5 g) of protein was incubated with 2 l of PNGase F in 250 mM sodium phosphate, pH 6, for 24 h at 37°C. Protein samples incubated under the same conditions but without enzyme were used as controls.
Protein purification and amino acid sequence analysis. Proteins from anionexchange chromatography fractions were subjected to preparative SDS-PAGE in order to isolate single molecular species. Bands were excised, destained, and electroeluted as previously described (1) . Excised bands were subjected again to SDS-PAGE and electrotransferred to an polyvinylidene difluoride membrane (Immobilon P; Millipore). The membrane-bound protein was excised, and its N-terminal amino acid sequence was determined at Midwest Analytical, Inc., St. Louis, MO, as previously described (1) . Homology searches were carried out by using BLAST software of the National Center for Biotechnology Information at the National Library of Medicine (Bethesda, MD). BLAST searches were performed at both protein and DNA levels using servers available at websites of the Stanford University Technology Center C. neoformans Genome Project (http://wwwsequence.stanford.edu/group/C.neoformans/index.htlm) (16), the University of Oklahoma's Advanced Center for Genome Technology (http: //www.genome.ou.edu/cneo.html), and the C. neoformans H99 Sequencing Project, Duke Center for Genome Technology (http://cneo.genetics.duke.edu/). Sequence analysis was carried out at the BCM Search Launcher server (http: //searchlauncher.bcm.tmc.edu/seq-util/seq-util.html). The Signal P server (http: //www.cbs.dtu.dk/services/SignalP-2.0/) and the Pfam database (http://www .sanger.ac.uk/Software/Pfam/search.shtml) were used to conduct signal peptide cleavage site and domain analyses, respectively.
Cloning and expression of the 115 -and 84-kDa proteins. Two sense primers (5Ј-GGTGCTCCCGATCCCAAG-3Ј and 5Ј-ACAATGTGGAGAATGCG-3Ј) coding for the N-terminal amino acids GAPDPK and NVENA of the 84-and 115-kDa proteins, respectively, were used in conjunction with an antisense universal T7 primer (1) to amplify, by PCR, DNA fragments from a ZAP II phage C. neoformans cDNA library prepared from strain B-3501 (Stratagene, La Jolla, CA). After labeling, these fragments were used to screen the cDNA library exactly as previously described (1) . Open reading frames in positive clones were identified and cloned as described previously (1) . Recombinant proteins were expressed in their mature, extracellular forms (i.e., without the signal peptide) using the plasmid PET 21b (Novagen, Inc., distributed by Inalco S.p.A., Milan, Italy) and Escherichia coli BL21(DE3) as the host strain, according to the protocols provided by the manufacturer. Protein purification was carried out as described previously (26 thiogalactopyranoside (IPTG) for 3 h, six-histidine-tagged recombinant proteins were purified under denaturing conditions (6 M guanidine-HCl) from lysed cells using a BD TALON metal affinity resin according to the instructions of the manufacturer (BD Biosciences, Clontech, Palo Alto, CA). After elution with 300 mM imidazole, the recombinant proteins, partially renatured using sequentially lower concentrations of guanidine-HCl (3, 2, and 1 M), were subjected to SDS-PAGE and either stained with Coomassie or electroblotted onto nitrocellulose membranes for Western blot analysis using monoclonal anti-polyhistidinealkaline phosphatase conjugate followed by nitroblue tetrazolium chloride-5-bromo-4-chloro-3-indolyl phosphate (Sigma) according to the manufacturer's instructions. Nucleotide sequence accession numbers. The nucleotide sequences of the MP115 and MP84 genes have been deposited in the EMBL Nucleotide Sequence Database, and they have been assigned accession numbers AJ938051 and AJ938050, respectively.
RESULTS
MPs strongly react with serum antibodies. In initial experiments, all sera from AIDS patients and some sera from healthy volunteers produced positive reactions in ELISA tests in which plates were coated with CneF obtained from the unencapsulated Cap 67 strain (Fig. 1) . No correlation was found between GXM levels (as defined by the latex agglutination titer) in the cryptococcosis sera and ELISA reactivity (data not shown). Next, in order to ascertain whether immune sera recognize MPs, CneF was separated by ConA affinity chromatography. ConA-binding and nonbinding fractions were collected according to absorbance peaks, concentrated, and tested in an ELISA inhibition assay. In this test, fractions were assayed at different dilutions for their ability to inhibit antibody binding to CneF-coated wells. There was no loss of inhibitory activity as a result of the fractionation procedure since total activity was accounted for by the sum of the inhibitory activities of the two fractions ( Fig. 2A) . The inhibition curves indicate that the ConA-binding fraction was a considerably more potent inhibitor than the nonbinding fraction, as evidenced by maximal inhibition values of 71.4% and 28.8%, respectively. As expected, CneF from Cap 67, which was used as a positive control, completely inhibited antibody binding, while no inhibition was produced by B. dermatitidis supernatant (Fig. 2A) . Thus, the ConA-binding, or MP, fraction accounted for most of the antibody reactivity of CneF. Since many ill-defined positive bands were present in ConA blots (not shown), the ConA fraction was further separated by DEAE anion-exchange chromatography. Under these conditions, three peaks were obtained (Fig. 2B ), which were tested in the ELISA inhibition assay. Figure 2C shows that peak 3 had significantly higher inhibitory activity than the other two peaks. Therefore, further studies concentrated on peak 3 material.
Western blot analysis. Peak 3 material was subjected to SDS-PAGE under nonreducing conditions, followed by Coomassie staining or Western blots. Under these conditions, four Coomassie-positive bands with approximate molecular masses of 250, 125, 115, and 84 kDa were detected (Fig. 3A) . Western blot analysis using biotinylated ConA showed that all the bands reacted strongly with lectin (Fig. 3B) . Moreover, all bands were recognized by a pool of patients' sera and by a pool of sera from experimentally infected mice ( Fig. 3C and D, respectively). Figure 3D shows that infected mice tended to have lower responses against the 115-kDa band relative to the other three proteins. The reason for this phenomenon is not presently clear. To ascertain whether the ConA-reactive proteins contained mannose-rich N-linked oligosaccharides, peak 3 material was treated with PNGase F before Western blot analysis using a pool of patients' sera. This treatment did not decrease antibody reactivity but caused approximately 2-, 12-, and 23-kDa reductions in the apparent molecular masses of the 125-, 115-, and 84-kDa bands, respectively (Fig. 3E) , as indicated by N-terminal amino acid sequencing of the bands before and after PNGase F treatment. This indicated the presence of N-linked oligosaccharides in each of the bands.
Cloning of the 115-and 84-kDa proteins.
In order to determine the N-terminal amino acid sequence of the immunoreactive proteins, these proteins were purified by preparative PAGE and subjected to Edman degradation. N-terminal sequences of the 250-and 125-kDa bands were identical to the Cu,Zn superoxide dismutase (SOD) gene product described previously by Hamilton and Holdom (10) . No homology was found between amino acid sequences of the 115-kDa and 84-kDa bands and proteins deposited in GenBank databases. However, a search of Stanford and Oklahoma databases revealed identity with genomic and cDNA sequences, respectively. Primers, designed as detailed in Materials and Methods, were used to amplify specific fragments from a C. neoformans ZAP II phage cDNA library. PCR fragments were sequenced, 32 P radiolabeled, and used as probes to screen the FIG. 3. SDS-PAGE and Western blot analysis of DEAE peak 3. Material (2 g) from peak 3 was run in 12% polyacrylamide gels and stained with Coomassie (A). Proteins resolved by electrophoresis were also transferred to nitrocellulose membranes and incubated with biotin-conjugated ConA (B) with a pool of sera from patients (C) or with a pool of sera from experimentally infected mice (D). BSA was included as a control. Panel E shows the effects of PNGase F on material from peak 3 using immunoblotting with a pool of sera from patients. To obtain a better resolution of the bands of interest, this gel was run for longer than usual (5 versus 2 h), which explains the different band pattern in this panel relative to the other panels. Pooled human and murine sera were used at a dilution of 1:100 in TTBS. Numbers on the left indicate the molecular masses in kilodaltons. Analysis of the deduced protein sequences. The full-length MP115 gene contained 894 bp, and the peptide sequence was predicted to be 297 amino acids in length (Fig. 4) . The gene contains a putative domain of the carboxylesterase family proteins, as evidenced by a homology search in the Pfam database. Additional sequence analyses performed using Signal P and the Stanford genome database indicated a putative signal peptide (amino acids 1 to 17) and five introns of 70, 67, 55, 47, and 63 bp. There were three potential sites for N-glycosylation containing the Asn-X-Ser/Thr motif. Potential O-glycosidic linkage sites (serine/threonine) were numerous, together accounting for more than 20% of the total amino acid composition. These sites were concentrated in the N-terminal portion of the molecule (Fig. 4) . A potential TATA-like box and a polyadenylation signal were present at positions Ϫ68 and ϩ1137, respectively.
Full-length MP84 contains 1,233 bp with a deduced peptide sequence of 410 amino acids (Fig. 4) . The gene contains a putative domain of polysaccharide deacetylase family proteins, as evidenced by a homology search in the Pfam database. Signal P and Stanford genome database searches revealed the presence of a putative signal peptide (amino acids 1 to 18) and five introns of 64, 63, 64, 52, and 63 bp from 5Ј to 3Ј. There were five potential sites for N-glycosylation containing the Asn-X-Ser/Thr motif. There was a C-terminal serine/threonine-rich region that could represent a site for extensive O-glycosylation, followed by a putative glycosylphosphatidylinositol (GPI) anchor site. A potential TATA-like box and a polyadenylation signal were present at positions Ϫ54 and ϩ1728, respectively.
Since MP84 is the third cloned cryptococcal protein with a putative polysaccharide deacetylase domain (1, 15), we aligned similar amino acid sequences from MP84 with those of previously described MP98 and d25 putative polysaccharide deacetylases (Fig. 5) . The region of homology between MP84 and MP98 was comprised between amino acids 113 and 305 of MP84 (43% identity/57% similarity). The region of homology between MP84 and the d25 was comprised between amino acids 127 and 318 of MP84 (28% identity/43% similarity).
E. coli expression of immunoreactive antigens. PCR-generated MP115 and MP84 cDNAs were subcloned into the expression vector PET21b to yield, respectively, the pET21b-MP115 and pET21b-MP84 constructs. SDS-PAGE evidenced the presence of recombinant proteins in cell lysates obtained from the transformed E. coli strain and induced with IPTG (not shown). The two recombinant proteins were purified under denaturing conditions by His affinity chromatography as detailed in Materials and Methods. SDS-PAGE analysis of the MP115 and MP84 recombinant proteins revealed two bands of 26 and 42 kDa, respectively (Fig. 6A) , which corresponded to the predicted molecular masses calculated from DNA coding sequences, including the vector-encoded peptide which contained the His tag at the C terminus. The two recombinant proteins were not recognized by ConA in Western blots, indicating the absence of protein-bound oligosaccharides capable of binding the lectin (Fig. 6 B) . Moreover, Western blot analysis showed that pooled sera from patients recognized both recombinant proteins (Fig. 6C) . In contrast, only a barely detectable reactivity was present using pooled sera from volunteers (Fig. 6D) . Finally, antibodies reacting with the MP115 and MP84 recombinant proteins were present in the sera of experimentally infected mice (Fig. 6E ), while such antibodies were not present before infection (Fig. 6F) .
DISCUSSION
There is increasing evidence that antibody-mediated immunity plays an important role in host defense against cryptococcosis, and monoclonal antibodies raised against GXM have been shown to provide passive protection in experimental infection (4, 9, 21) . Less is known about the occurrence and functional significance of antibody responses to antigens different from GXM (5, 6) . In the present study, we showed that MPs accounted for most of the ability of secreted cryptococcal proteins to react with serum antibodies. These data are in agreement with data from previous studies (28) and support the notion that MPs are immunodominant antigens whose ability to target the immune system probably resides in their recognition by antigen-presenting cells via mannose receptors (18, 19) . Despite its potential importance in immunity-based strategies to control cryptococcosis (17) , this important class of antigens has been only incompletely characterized.
Thus far, only two MPs, MP98 and MP88, have been identified and cloned based on their ability to stimulate T-cell hybridomas (12, 15) . In the present study, two novel MPs, MP115 and MP84, were identified by their reactivity with immune sera. As with the two previously described MPs, both MP115 and MP84 display a typical serine/threonine-rich region carrying numerous potential sites of O-glycosylation. It should be noted, however, that the serine/threonine-rich region is N terminal in MP115, while it is C terminal in MP84 and in the two previously described MPs. MP115 also differs from the latter three proteins in that it lacks a putative GPI anchor motif. Since GPI anchors are used to link proteins to the cell wall or to the cell membrane, it will be of interest to determine whether MP115 differs from the other MPs in its cellular localization. Similar to two previously described MPs, both MP115 and MP84 have a signal peptide and several N-glycosylation sites (Fig. 4) . Extensive N-glycosylation of these antigens was confirmed by marked shifts in the molecular masses of both MP115 and MP84 (12 and 23 kDa, respectively) after peptide-N-glycosidase F treatment (Fig. 3) . Analysis of the sequences found outside of the Ser/Thr-rich regions provided insights into the possible functions of the novel MPs. The MP115 deduced amino acid sequence showed homology with carboxylesterases, while MP84 was homologous with polysaccharide deacetylase family proteins, including two previously described cryptococcal deacetylases (1, 15) . In particular, MP84 was strongly homologous with MP98 and less homologous with d25 (Fig. 5) . Thus, MP84 is the third cloned cryptococcal protein, and the second MP, with putative polysaccharide deacetylase activity.
In the present study, recombinantly expressed MP84 and MP115 retained the ability of the natural forms to react in Western blots with serum antibodies, albeit with reduced reactivity. Studies are under way to express these proteins and/or fragments thereof in a soluble, nondenaturated form and to FIG. 6 . Analysis of recombinant MP84 and MP115 proteins. SDS-PAGE was followed by Coomassie staining (A), ConA blot (B), Western blot with a pool of sera from patients (C), Western blot with a pool of normal sera from volunteers (D), Western blot with a pool of sera from infected mice (E), or Western blot with a pool of sera preinfection mice (F). All pooled sera were used at a 1:100 dilution. Purified recombinant 84-kDa and 115-kDa proteins were loaded onto lanes 1 and 2, respectively. Numbers on the left indicate the molecular masses in kilodaltons. assess the protective potential of these products, and of antibodies raised against them, in experimental cryptococcosis models.
Hamilton and Goodley have previously described an Nglycosylated 115-kDa protein recognized by immune sera (11) . Since no data are available on its amino acid or nucleotide sequence, it is difficult to say if this protein is identical to protein MP115 described here. This seems unlikely, however, since antibodies raised against the protein described previously by Hamilton and Goodley were not reactive with the MP fraction (11), i.e., with the same fraction in which we detected MP115.
The MP fraction described here was also found to contain the Cu,Zn superoxide dismutase SOD1, a well-known virulence factor (7) in the form of 125-and 250-kDa species in nonreducing conditions. This is in general agreement with the data of Hamilton and Holdom, who found that SOD1 had a nonreduced molecular mass of 125 kDa (10) , although the presence of SOD1 in the MP fraction has not been previously reported. Interestingly, SOD1 appeared to carry an N-linked oligosaccharide, as evidenced by a molecular weight shift after treatment with peptide-N-glycosidase F (Fig. 3) . The presence of an N-linked oligosaccharide may explain the unexpected property of SOD1 to be retained by ConA columns and to react with ConA in Western blots, as documented in the present study. Collectively, our data indicate that the MP fraction may contain (i) MPs with a "classical" C-terminal serine/ threonine-rich region followed by a putative GPI anchor (e.g., MP84), (ii) less typical MPs with an N-terminal serine/threonine-rich region and no GPI anchor site (e.g., MP115), and (iii) N-glycosylated proteins which perhaps should not be considered as MPs since they lack extensive O-glycosylation sites (e.g., SOD1).
In conclusion, we have identified and characterized two novel MP antigens, designated MP84 and MP115, which are highly reactive with sera from cryptococcosis patients. These data may be useful to gain further insights into the molecular structure and immunological features of MPs. Future studies will assess the potential significance of these novel MPs as markers of disease and as means to develop alternative, immunity-based strategies to control cryptococcosis.
